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Monazite  coatings  were  deposited  on  woven  cloths  and  tows  of 
Nextel™  610  fibers  by  heterogeneous  nucleation  and  growth 
using  solution  precursors.  Initial  experiments  revealed  two  coat¬ 
ing  regimes  in  which  monazite  was  either  precipitated  both  in 
solution  and  onto  the  fiber  surfaces  or  only  onto  the  fiber  sur¬ 
faces  depending  on  the  precursor  solution  concentration  and 
fiber  surface  area.  In  both  cases,  regions  of  tightly  packed  fibers 
within  cloth  were  uncoated.  Image  analysis  of  coated  fiber  cross 
sections  revealed  a  strong  correlation  between  fiber  separation 
and  coating  thickness,  suggesting  that  the  coating  of  tightly 
packed  fibers  was  limited  by  transport  of  the  reactants  in  solu¬ 
tion  to  these  areas.  By  adopting  a  coating  procedure  in  which  the 
tightly  packed  regions  are  saturated  with  reactants  before  pre¬ 
cipitation,  more  uniform  coatings  of  monazite  were  obtained 
throughout  the  cloth;  however,  the  strength  of  as-coated  and 
heat-treated  fibers  was  degraded  and  remains  problematic. 


I.  Introduction 

To  realize  the  benefits  of  fiber  reinforcement  in  ceramic  mat¬ 
rix  composites  (CMCs),  the  matrix  must  transfer  loads  to 
the  fibers  but  decouple  from  the  fibers  during  fracture  so  that  the 
fibers  remain  intact  and  continue  to  bear  loads.  ^  Functional 
fiber  coatings  such  as  carbon  and  boron  nitride  enhance  the  de¬ 
coupling  and  load  transfer  capabilities  of  CMCs  but  are  inher¬ 
ently  susceptible  to  oxidation  in  the  high-temperature,  oxygen, 
and  water-containing  environments  for  which  such  materials  are 
being  considered  (hot  section  turbine  engine  components,  etc., 
for  which  temperatures  in  excess  of  1000°C  are  expected).5,6  Re¬ 
cent  work  has  focused  on  the  development  of  oxidation  resistant 
analogues  of  C  and  BN.7,8  Monazite  (LaP04)  and  other  related 
oxides  have  been  shown  to  function  as  effective  fiber  coatings  in 
dense  matrix  CMCs  and,  as  oxides,  are  not  susceptible  to  the 
oxidation  problems  of  C  and  BN.9 

Various  methods  have  been  used  to  apply  oxide  coatings  to 
ceramic  fibers,  including  chemical  vapor  deposition  (CVD)10 
and  continuous  dip  coating  using  solution  and  sol-derived  pre¬ 
cursors.11,12  Coating  processes  suitable  for  mixed  oxides  that  are 
applicable  to  multi-filament  tows  are  generally  not  amenable  to 
coating  cloths  or  woven  preforms  of  ceramic  fibers.  Several 
techniques  based  on  electrostatic  or  electrophoretic  deposition 
have  been  conceived  but  result  in  less  than  optimal  coatings.13  15 
Existing  methods  for  coating  woven  cloths  and  preforms  via 
CVD  are  costly,  require  hazardous  chemicals,  and  are  not  read¬ 
ily  applicable  to  stoichiometric  multi-component  oxides.10  With 
existing  coating  technology  for  oxide  fibers,  coatings  are  applied 
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to  multi-filament  tows  that  must  then  be  woven  to  produce 
cloths  and  performs.16  During  the  weaving  of  coated  fibers,  the 
coatings  may  be  damaged;  consequently,  a  process  for  the  coat¬ 
ing  of  woven  fibers  is  advantageous  from  the  standpoint  of 
avoiding  such  damage.  Similarly,  there  is  an  economic  benefit  to 
coating  woven  fibers  in  that  a  higher  throughput  may  be 
achieved  in  a  continuous  process.  This  is  important  because 
fiber  coating  can  be  a  significant  fraction  of  composite  cost. 

The  objective  of  this  work  was  to  develop  a  simple,  low-cost 
method  for  the  deposition  of  high-quality,  mixed-oxide  fiber 
coatings  onto  ceramic  fiber  cloths  and  woven  preforms.  Recent 
work  by  Yano  et  al.17  suggests  that  such  a  process  may  be 
achievable;  however,  several  key  issues  must  be  addressed  in  the 
development  of  the  coating  process:  (1)  coating  of  tightly  packed 
fibers  located  where  tows  cross  over  one  another  in  the  weave; 
this  issue  has  been  the  primary  hurdle  to  the  development  of  dip¬ 
coating  methods  for  cloth  coating;  (2)  fiber  strength  retention 
during  processing;  and  (3)  adherence  of  the  resulting  coatings. 
The  coating  process  should  not  degrade  the  strength  of  the  fibers 
during  processing  or  service  as  composite  properties  are  opti¬ 
mized  by  having  the  highest  fiber  strength  possible;  composite 
strength  scales  linearly  with  fiber  strength.1  The  coatings  must 
not  spall  off  during  subsequent  handling  in  the  processing  of  the 
composite. 

A  method  for  the  coating  of  woven  ceramic  fibers  (2D  cloths, 
3D  preforms,  etc.)  has  been  developed  in  which  a  LaP04  coating 
is  applied  from  solution  by  heterogeneous  nucleation  and 
growth  directly  on  the  woven  fibers  submerged  in  a  precursor 
solution.  The  method  exploits  the  temperature  and  concentra¬ 
tion  dependence  of  the  reaction  between  lanthanum  citrate  and 
phosphoric  acid.  The  results  of  early  experiments  suggested  that 
coating  regions  of  tightly  packed  fibers  were  limited  by  reactant 
transport.  A  revised  solution-based  coating  process  was  devel¬ 
oped  in  which  the  tightly  packed  regions  were  saturated  with  a 
high  concentration  of  reactants  before  precipitation;  this  modi¬ 
fied  method  for  coating  woven  ceramic  fibers  resulted  in  more 
uniform  coating  of  individual  fibers  in  the  tows.  Coatings  pro¬ 
duced  using  both  methods  are  characterized  and  the  results  are 
compared  and  discussed. 


II.  Experimental  Procedure 
(1)  Precursor  Solution  Preparation 

Precursor  solutions  of  phosphoric  acid  and  lanthanum  citrate 
were  prepared  by  dissolving  concentrated  phosphoric  acid  (Fish¬ 
er  Scientific  Co.,  Pittsburgh,  PA)  or  a  combination  of  lantha¬ 
num  nitrate  (Aldrich  Chemical  Co.,  Milwaukee,  WI),  and  citric 
acid  (Fisher  Scientific  Co.)  in  de-ionized  water.  A  range  of  pre¬ 
cursor  solution  concentrations  were  investigated.  Precursor  so¬ 
lution  concentrations  are  expressed  in  terms  of  mass  of  LaP04 
yield  per  volume  of  mixed  solution  assuming  a  complete  reac¬ 
tion,  e.g.  5  g  LaP04/L.  Initial  experiments  used  precursor  con¬ 
centrations  of  1-5  g  LaPQ4/L.  Later  experiments,  using  a 
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revised  coating  procedure,  used  solutions  prepared  to  yield  100  g 
LaP04/L.  The  Laxitrate  ratio  of  the  solutions  was  either  1:2  or 
1:5.  The  La:P  ratio  was  fixed  at  1:1  for  all  experiments.  The 
lanthanum  citrate  and  phosphoric  acid  solutions  were  chilled  to 
~  5°C  before  mixing  during  the  coating  procedure. 

(2)  Coating  Procedures 

(A)  Initial  Cloth  and  Tow  Coating  Experiments  (Process 
A ):  Nextel™  610  aluminum  oxide  fiber  tows  and  eight  harness 
satin  weave  cloths  (1500  denier,  3M  Co.,  St.  Paul,  MN)  were 
used  for  all  coating  experiments.  Initial  experiments  to  coat  both 
cloths  and  fiber  tows  were  performed  using  a  method  to  pre¬ 
cipitate  hydrated  LaP04  (rhabdophane:  LaP04-«H20)  devel¬ 
oped  for  producing  nanoparticle  sols  for  coating  fiber  tows.18 
The  precursor  solutions  were  first  chilled  to  ~  5°C.  The  chilled 
precursors  were  then  added  to  a  stirred  vessel  containing  the 
fibers  to  be  coated  (cloths  or  tows).  The  mixed  solution  was  al¬ 
lowed  to  equilibrate  to  room  temperature  and  then  heated  to 
precipitate  LaP04-«H20.  Precipitation  typically  occurred  at 
20°-25°C,  although  the  solutions  were  heated  to  a  final  tem¬ 
perature  of  35°C  to  assure  complete  precipitation.  Equilibration 
followed  by  heating  to  35°C  typically  took  ~80  min.  The  fibers 
were  then  removed  from  the  vessel  and  rinsed  for  20  s  in  400  mL 
of  de-ionized  water  to  remove  any  remaining  dissolved  chem¬ 
icals  and  loosely  bound  solids.  The  fibers  were  then  dried  at 
100°C  and  fired  for  1  h  at  900°C  in  laboratory  air  to  convert 
LaP04  •  «H20  to  monazite  and  bond  the  coating  to  the  fibers. 
The  entire  coating  procedure  was  repeated  four  or  five  more 
times  to  increase  the  coating  thickness. 

In  addition,  a  number  of  experiments  were  designed  such  that 
the  precipitation  occurred  at  a  constant  temperature  (10°,  20°  or 
40°C).  This  was  accomplished  by  adding  the  chilled  precursors 
(3  g  monazite/L,  Laxitrate  =  1:5)  to  a  stirred  vessel  submerged 
in  an  isothermal  bath.  The  temperature  of  the  mixed  solution 
equilibrated  to  the  bath  temperature  within  5  min.  For  precipi¬ 
tation  at  40°C,  the  precursor  solutions  were  warmed  to  40°C 
before  mixing.  The  time  required  to  precipitate  LaP04-«H20 
was  measured  at  each  temperature;  precipitation  was  assumed 
to  be  complete  when  the  solution  became  fully  opaque.  To 
examine  the  coating  evolution  on  the  fiber  surface,  fiber  tows 
were  suspended  in  the  reaction  vessel  and  removed  from  the 
bath  at  various  time  intervals,  dried,  and  fired  1  h  at  900°C  in 
air. 

(B)  Revised  Cloth  Coating  Procedure  (Process  B):  A 
revised  coating  procedure  was  adopted  to  improve  coating  cov¬ 
erage  and  uniformity.  Coating  was  performed  by  submerging 
cloths  previously  saturated  with  a  chilled,  concentrated  precur¬ 
sor  solution  (100  g  monazite/L)  into  warm  water  to  precipitate 
the  coating  onto  the  fibers.  Ten  millilitres  portions  of  both 
chilled  precursor  solutions  (lanthanum  citrate  and  phosphoric 
acid)  prepared  to  yield  100  g  monazite/L  were  mixed  in  a  large 
beaker  to  which  a  3in.  x  3in.  piece  of  cloth  was  added.  The 
beaker  containing  the  mixed  solutions  and  cloth  was  placed  in 
an  ultrasonic  bath  for  15  s.  The  beaker  was  removed  from  the 
bath  and  the  cloth  was  removed  from  the  solution.  Excess  so¬ 
lution  was  drained  from  the  cloth  against  the  side  of  the  beaker. 
The  cloth,  saturated  with  precursor  solution,  was  submerged  in 
a  vessel  containing  warm  de-ionized  water  at  50°C  to  precipitate 
LaP04  •  «H20  rapidly.  After  5  min  in  the  warm  water  bath,  the 
cloth  was  removed  and  rinsed  for  20  s  in  400  mL  of  de-ionized 
water  to  rinse  away  any  remaining  dissolved  chemicals  and 
loosely  bound  solids.  The  cloth  was  subsequently  dried  in  air 
at  100°C  for  15  min  and  finally  placed  in  a  tube  furnace  at  900°C 
for  5  min  in  air.  The  entire  coating  procedure  was  repeated  13 
times  for  a  total  of  14  coats/cloth. 

(3)  Characterization 

Coatings  were  characterized  using  both  polished  cross-sections 
of  the  coated  cloths19,20  and  fiber  tows  extracted  from  the  coated 
cloths.  Cross-sections  and  surfaces  of  extracted  tows  were  exam¬ 
ined  using  a  scanning  electron  microscope  (SEM)  (Leica  360  FE, 
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Ernst  Leitz,  Westler,  Germany).  Phase  analysis  of  the  coated 
cloths  was  performed  using  an  X-ray  diffractometer  (Rigaku 
Rotaflex  with  Cu Kol  radiation,  Rigaku  Co.,  Tokyo,  Japan); 
transmission  electron  microscopy  (TEM)  (Phillips  CM200FEG, 
Eindhoven,  the  Netherlands)  was  performed  to  characterize  the 
coating  microstructure  and  identify  any  intergranular  phases. 
SEM  micrographs  of  the  polished  cross-sections  were  taken  at 
several  magnifications  and  image  sizes  for  image  analysis  of 
coating  thickness.21  Mechanical  testing  of  the  coated  fibers  to 
examine  the  retained  strength  was  performed  on  an  MTS  ma¬ 
chine  (Synergie  400,  MTS  Systems  Corp.,  Eden  Prairie,  MN); 
tows  were  extracted  from  the  coated  cloths  and  50  fibers  were 
tested  from  each  coating  condition  using  a  25.4  mm  gauge 
length.22,23  Fibers  were  tested  in  the  as-processed  condition;  in 
addition,  fibers  with  uniform  coatings  produced  using  the  re¬ 
vised  cloth  coating  procedure  were  tested  following  a  2-h  ex¬ 
posure  at  1200°C  in  laboratory  air. 


III.  Results 

(1)  Initial  Cloth  and  Tow  Coating  Experiments 
Figure  1  schematically  illustrates  the  experimental  setup  of  Proc¬ 
ess  A  and  shows  backscatter  SEM  micrographs  of  polished 
cross-sections  of  cloths  coated  five  times  with  precursor  solution 
yielding  4.7  g  LaP04/L.  LaP04  appears  white  in  the  micro¬ 
graphs  due  to  average  atomic  number  contrast.  The  LaP04 
coatings  are  more  uniformly  deposited  in  the  regions  of  loose 
fiber  packing.  Where  the  fibers  are  tightly  packed,  i.e.  tow  cross¬ 
overs,  little  or  no  coating  is  deposited.  The  coating  around  the 
perimeter  of  tightly  packed  tows  is  quite  thick  and  forms  a  con¬ 
tinuous  crust.  Fibers  extracted  from  the  coated  cloth  following 
processing  had  an  average  strength  of  2.58  +  0.38  GPa,  consist¬ 
ent  with  values  obtained  for  fibers  extracted  from  desized,  un¬ 
coated  Nextel™  610  cloths  (2. 6-2. 8  GPa);  this  indicates  that  no 
strength  degradation  occurred  as  a  result  of  coating. 

Figure  2  shows  X-ray  diffraction  patterns  of  the  coatings 
from  Process  A  in  both  the  as-processed  condition  and  after 
heating  to  1200°C  for  5  h  in  air.  LaP04  and  alumina  (from  the 
Nextel™  610  fiber)  were  the  only  phases  detected.  Figure  2  also 
shows  TEM  micrographs  of  the  LaP04  coatings  on  Nextel™  610 
fibers.  The  interface  between  the  coating  and  the  fibers  was  free 
of  any  other  phases  and  did  not  contain  trace  amorphous  A1P04 
as  found  in  some  previous  coatings.24 

Figure  3  shows  backscatter  SEM  micrographs  of  polished 
cross-sections  of  loose  tows  coated  five  times  via  Process  A  with 
precursor  solution  yielding  3  g  LaP04/L.  In  this  case,  the  LaP04 
coating  thickness  is  extremely  uniform  from  fiber  to  fiber,  with 
little  crust  formation  or  fiber  bridging.  The  improved  coating 
uniformity  is  attributed  to  the  looseness  of  the  fiber  tows  in  the 
coating  solution,  which  facilitates  mass  transport  of  precursor  to 
all  fibers  equally. 

Figure  4  shows  coating  evolution  during  a  single  coating  step 
as  a  function  of  time  at  a  constant  solution  temperature  of  20°C 
and  a  precursor  solution  concentration  of  3  g  LaP04/L.  The 
coating  nucleates  on  the  fiber  surface  within  ~  40  min.  The  nu¬ 
clei  grow  to  form  an  almost  continuous  coating  (60  min),  which 
then  grows  thicker  and  begins  to  crack  upon  drying  and  firing 
(80  and  100  min).  Also  noted  in  the  figure  is  the  clarity  of  the 
precursor  solution  during  the  precipitation.  Nucleation  of  the 
coating  on  the  fiber  surface  occurs  while  the  solution  is  still  clear. 
The  time  necessary  to  precipitate  LaP04  •  «H20  via  process  A 
for  3  g/L  solutions  was  360,  100,  and  1  min  at  10°,  20°,  and 
40 °C,  respectively. 

Figure  5  illustrates  the  effect  of  both  the  precursor  solution 
concentration  and  the  fiber  loading  on  the  precipitation  coating 
process.  High-precursor  solution  concentration  coupled  with 
low  fiber  loading  led  to  precipitation  of  LaP04  •  ^H20  on  both 
the  fiber  as  well  as  in  the  bulk  solution;  in  these  cases,  the  coat¬ 
ings  were  comprised  of  equiaxed  particles  and  were  more  prone 
to  crusting  and  fiber  bridging.  Low  precursor  solution  concen¬ 
tration  coupled  with  high  fiber  loading  led  to  growth  of  the 
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Fig. 1.  Schematic  of  experimental  setup  of  Process  A  and  backscatter  scanning  electron  microscope  micrographs  of  polished  cross-sections  of  cloths 
coated  five  times  with  precursor  solution  yielding  4.7  g  monazite/L.  La:citrate  =1:5.  (a)  and  (b)  loosely  packed  region,  (c)  and  (d)  tightly  packed  region. 


coating  on  the  fiber  without  precipitation  in  solution,  i.e.,  the 
precursor  solution  remained  clear  during  heating  to  precipitate 
the  coating.  In  these  cases,  the  coatings  were  comprised  of  acic- 
ular  particles. 

Figure  6  shows  backscatter  SEM  micrographs  of  polished 
cross-sections  of  cloths  coated  six  times  with  precursor  solution 
yielding  1  g  LaP04/L  using  process  A.  In  this  case,  the  fiber 
loading  was  such  that  no  precipitation  occurred  in  solution 
(upper  left-hand  corner  of  Fig.  5).  The  coatings  are  uniform  in 
the  regions  of  loosely  packed  fibers;  however,  in  regions  of  tight 


fiber  packing,  little  or  no  coating  was  deposited  in  the  interior  of 
the  tow.  Minimal  fiber  bridging  was  observed. 

Figure  7  shows  the  results  of  the  coating  thickness  analysis  of 
the  SEM  micrographs  of  polished  cross-sections  of  cloths  coated 
six  times  with  precursor  solution  yielding  1  g  LaP04/L  using 
process  A.  The  average  coating  thickness  of  each  fiber  in  the 
micrographs  is  plotted  as  a  function  of  the  average  fiber  sepa¬ 
ration  calculated  by  assuming  the  Yoronoi  polyhedra  used  in 
the  analysis  to  be  a  perfect  hexagon.21  The  coating  thickness 
decreases  linearly  below  an  average  fiber  separation  of  ~  3  pm; 
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Fig.  2.  X-ray  diffraction  patterns  of  coatings  (5  x  4.7  g  monazite/L)  in  both  the  as-processed  condition  as  well  as  after  heating  to  1200°C  for  5  h. 
Transmission  electron  microscopy  micrographs  of  the  monazite  coatings  on  Nextel  610  fibers  (5  x  4.7  g  monazite/L).  La:citrate  =  1:5. 
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Fig.  3.  Backscatter  scanning  electron  microscope  micrographs  of 
polished  cross-sections  of  loose  tows  coated  five  times  with  precursor 
solution  yielding  3  g  monazite/L.  La:citrate  =  1:5. 


for  greater  separations,  the  coating  thickness  is  independent  of 
separation  distance.  It  should  be  noted  that  the  image  analysis 
yields  the  average  coating  thickness  of  individual  fibers  in  the 
micrographs;  reported  coating  thicknesses  of  <  50  nm  (near  the 
resolution  limit  of  the  technique)  arise  when  the  fiber  has  a 
small,  resolvable  patch  of  coating  that  is  then  averaged  over  the 
fiber  surface.21 


Growth  on  fibers 
without  precipitation 
in  solution: 


“Same  heating 
schedule”^ 

X 


Acicular  particles 


Growth  on  fibers 
with  precipitation 
in  solution: 
Equiaxed  particles 


Solids  Loading  of  Precursor  Solution 


Fig.  5.  Effect  of  both  the  solids  loading  of  the  precursor  solution  and 
fiber  loading  on  the  observed  precipitation  coating  process. 


(2)  Revised  Cloth-Coating  Procedure 

Figure  8  schematically  illustrates  the  experimental  setup  of  proc¬ 
ess  B  and  shows  backscatter  SEM  micrographs  of  polished 
cross-sections  of  cloths  coated  14  times  with  precursor  solution 
yielding  100  g  LaP04/L.  The  coatings  are  shown  to  be  of  similar 
thickness  but  more  uniform  than  those  applied  using  process  A 
in  regions  of  both  loose  and  tight  fiber  packing.  SEM  examina¬ 
tion  of  the  surfaces  of  the  coated  fibers  revealed  an  equiaxed 
coating  particle  morphology.  Fibers  extracted  from  the  cloth 
coated  14  times  had  an  average  strength  of  2.02  +  0.22  GPa  in 
the  as-processed  state;  following  a  2-h  heat  treatment  at  1200°C 
in  air,  the  average  fiber  strength  declined  to  ~  1  GPa. 

Figure  9  shows  the  results  of  the  coating  thickness  analysis  of 
the  SEM  micrographs  of  polished  cross  sections  of  cloths  coated 
14  times  with  precursor  solution  yielding  100  g  LaP04/L  using 
process  B.  The  average  coating  thickness  of  each  fiber  in  the 
micrographs  is  plotted  as  a  function  of  the  average  fiber  sepa¬ 
ration  calculated  as  described  above.  The  coating  thickness  of  a 


Clear  Solution  Cloudy  Opaque 


20  40  60  80  100 

Time  (min) 


Fig.  4.  Modified  LaMer  diagram  and  evolution  of  the  coating  on  the  fiber  surface  during  a  single  coating  step  as  a  function  of  time  at  a  constant 
temperature  of  20°C  and  solids  yield  of  3  g  monazite/L.  La:citrate  =  1:5. 
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Fig.  6.  Backscatter  scanning  electron  microscope  micrographs  of  polished  cross-sections  of  cloths  coated  six  times  with  precursor  solution  yielding  1  g 
monazite/L.  La:citrate  =  1:5.  (a)  tightly  packed  region  and  (b)  loosely  packed  region. 


particular  fiber  is  directly  proportional  to  the  fiber  separation  as 
well  as  the  volume  of  solution  closest  to  that  fiber. 


IV.  Discussion 

(1)  Initial  Cloth  and  Tow  Coating  Experiments  ( Process  A ) 
When  the  precursor  solution  concentration  was  high  and  the 
fiber  loading  was  low  (Fig.  5),  hydrated  LaP04  precipitated  both 
on  the  fiber  surface  and  in  solution.  In  these  cases,  thick  coatings 
were  obtained,  which  formed  a  crust  bridging  several  fibers 
within  the  tows  together.  The  crust  was  limited  to  portions  of 
the  fiber  tows  easily  accessed  by  the  solution,  i.e.,  the  loosely 
packed  regions  of  the  cloth  and  the  perimeter  of  the  tightly 
packed  tows.  Under  these  conditions,  coatings  are  comprised  of 
both  particles  that  nucleated  on  the  fiber  surface  and  particles 
that  nucleated  homogeneously  in  the  solution  and  adhered  to 
the  fiber  surface,  leading  to  a  fluffy  appearance  in  cross  section. 
When  fiber  tows  are  coated  in  place  of  cloths,  highly  uniform 
coatings  are  obtained  with  no  crust  formation  and  minimal  fiber 
bridging;  presumably,  this  is  due  to  the  lack  of  constraint  of  the 
fibers,  allowing  them  to  flow  freely  during  the  coating  process,  in 
contrast  to  fibers  within  the  woven  cloth. 

Further  evidence  of  the  heterogeneous  nucleation  in  this  re¬ 
gime  is  provided  in  Fig.  4  and  can  be  explained  using  the  modi¬ 
fied  LaMer  diagram.25  Under  these  conditions,  the  coating 
nucleates  heterogeneously  on  the  fiber  surface  while  the  solu¬ 
tion  remains  clear,  indicating  a  lack  of  homogeneous  nucleation. 
The  fiber  surface  provides  low  energy  nucleation  sites  for  the 
coating  at  solute  concentrations  below  Chomo  (Fig.  4).  With 
time,  the  solution  becomes  cloudy  and  then  opaque  as  particles 
nucleate  homogeneously  at  solute  concentrations  above  Chomo; 
at  the  same  time  the  coatings  on  the  fibers  roughen  substantially 
as  agglomerates  nucleate  homogeneously  in  solution  adhere  to 
them.  In  contrast,  when  the  precursor  solution  concentration 
was  low  and  the  fiber  loading  was  high,  LaP04  •  /tH20  did  not 
precipitate  in  the  bulk  solution;  precursor  solutions  containing 
cloths  and  fiber  tows  were  heated  to  precipitate  LaP04  •  «H20 
but  remained  clear.  Upon  removal  from  the  heated  solutions, 
the  fibers  were  coated.  In  these  cases,  the  concentration  of  solute 
in  solution  remained  below  that  needed  for  homogeneous  nu¬ 
cleation  (below  Chomo)  and  the  coatings  were  thinner  than  in 
cases  where  precipitation  in  solution  occurred. 


In  both  coating  regimes,  coatings  were  either  extremely  thin, 
discontinuous,  or  absent  in  regions  of  tight  fiber  packing  (tow 
cross  overs).  For  cases  in  which  precipitation  of  the  LaP04  •  «H20 
occurred  both  in  solution  and  on  the  fiber  surface,  a  lack  of  coat¬ 
ing  in  the  tightly  packed  regions  may  be  expected  if  the  coating 
bridges  fibers  and  seals  off  these  areas;  in  this  case  the  coating 
would  only  be  derived  from  the  small  volume  of  precursor  in  the 
immediate  vicinity  of  the  fiber.  In  contrast,  when  LaP04  •  n\\20 
does  not  precipitate  in  solution,  precipitation  of  the  coating  on  the 
fiber  surface  must  occur  by  transport  of  the  reactants  (lanthanum 
citrate  and  phosphoric  acid)  to  the  surface  where  they  react  to 
form  coating  particles,  similar  to  a  CYD  coating  process.  Uniform 
deposition  of  solids  by  CVD  on  planar  substrates  and  fiber  pre¬ 
forms  has  been  shown  to  be  highly  dependent  on  the  relative  rates 
of  reactant  transport  and  chemical  reaction  at  the  surface.2^29 
Non-uniform  deposition  arises  when  the  rate  of  reaction  greatly 
exceeds  the  rate  of  transport;  this  effect  is  magnified  by  the  tor¬ 
tuous  diffusion  routes  present  in  fiber  preforms  but  can  be  alle¬ 
viated  by  assisting  reactant  transport  via  convection,  etc. 


V2  Average  Distance  Between  Fibers  (rh  -r„|jm) 


Fig.  7.  Results  of  the  coating  thickness  analysis  of  scanning  electron 
microscope  micrographs  of  polished  cross-sections  of  cloths  coated  six 
times  with  precursor  solution  yielding  1  g  monazite/L.  La:citrate  =  1:5. 
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Process  B:  Saturate 
and  submerge  in 
warm  water 


Fig.  8.  Schematic  of  experimental  set  up  of  process  B  and  backscatter  scanning  electron  microscope  micrographs  of  polished  cross-sections  of  cloths 
coated  14  times  with  precursor  solution  yielding  100  g  monazite/L.  La:citrate  =  1:2.  (a)  and  (b)  tightly  packed  region,  (c)  and  (d)  loosely  packed  region. 


Uniform  deposition  of  coatings  when  there  is  no  precipitation 
in  solution  is  similarly  expected  to  be  dependent  on  the  relative 
rates  of  mass  transport  and  reaction.  As  the  reactant  concen¬ 
tration  in  the  vicinity  of  the  fiber  surface  becomes  locally  de¬ 
pleted  (i radially  from  the  fiber  axis),  it  must  be  replenished  by 
mass  transport  of  additional  reactant  species  from  the  bulk  so¬ 
lution.  Assuming  a  constant  surface  reaction  rate,  the  time  ne¬ 
cessary  to  deplete  the  reactants  increases  with  increasing  fiber 
separation.  Reactant  transport  to  depleted  regions  may  occur  in 
both  radial  and  axial  directions;  however,  for  the  case  of  tightly 
packed  fibers  (perfect  hexagonal  packing),  transport  in  the  axial 
direction  is  expected  to  dominate.  If  the  rate  of  reaction  at  the 
fiber  surface  is  much  greater  than  the  rate  of  transport  of  react- 


1^2  Average  Distance  Between  Fibers  [rh  -  rriium) 
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Fig.  9.  Results  of  the  coating  thickness  analysis  of  the  scanning  electron 
microscope  micrographs  of  polished  cross-sections  of  cloths  coated  14 
times  with  precursor  solution  yielding  100  g  monazite/L  using  Process  B. 
La:citrate  =  1:2. 


ants  to  the  surface,  it  is  highly  probable  that  reactants  in  transit 
from  the  bulk  solution  encounter  another  fiber  surface  or  other 
growing  nuclei  to  react  with  before  reaching  the  interior  of  the 
tightly  packed  regions;  consequently,  very  little  coating  would 
be  deposited  in  the  regions  of  tightly  packed  fibers  and  the  ma¬ 
jority  of  deposition  would  occur  in  loosely  packed  regions  to 
which  reactant  species  have  freer  access. 

Image  analysis  of  SEM  micrographs21  of  cloths  coated  under 
conditions  in  which  no  precipitation  occurs  in  solution  shows  a 
strong  correlation  between  fiber  separation  and  average  coating 
thickness  (Fig.  7).  Also  shown  in  Fig.  7  is  the  expected  average 
coating  thickness  (assuming  relative  density  =  0.6)  based  on  1) 
the  depletion  of  the  reactants  from  the  solution  as  determined  by 
inductive  coupled  plasma  optical  emission  spectroscopy  (ICP- 
OES)  and  (2)  the  known  precursor  solution  concentration  and 
fiber  loading.  The  coating  thicknesses  are  near  the  expected  value 
for  average  fiber  separations  above  ~3  pm.  The  fact  that  the 
coating  thickness  is  independent  of  fiber  separation  beyond  3  pm 
may  be  attributed  to  convective  mass  transport  caused  by  stirring 
the  precursor  solution  during  coating  deposition;  this  effect  is 
similarly  realized  in  the  case  of  loose  fiber  tows  resulting  in  highly 
uniform  coatings  (Fig.  3).  At  separations  below  ~3  pm,  the 
measured  coating  thickness  lies  below  the  expected  value  and  de¬ 
creases  linearly  with  decreasing  fiber  separation.  Figure  7  also 
shows  the  predicted  coating  thickness  assuming  that  the  coating  is 
only  due  to  the  small  solution  volume  around  individual  fibers  for 
each  coat  (six  total  coats  at  1  g/L).  The  fact  that  the  measured 
coatings  lie  well  above  this  prediction  for  almost  all  fiber  separ¬ 
ations  indicates  that  transport  of  reactants  from  the  bulk  solution 
into  the  woven  fibers  is  occurring;  however,  as  fibers  become  very 
tightly  packed  (small  separations)  the  measured  coatings  ap¬ 
proach  the  predicted  values,  indicating  that  reactants  from  the 
bulk  solution  do  not  reach  these  fibers.  These  results  suggest  that 
coating  deposition  in  the  regions  of  tight  fiber  packing  is  limited 
by  the  rate  of  transport  of  reactants  from  the  bulk  solution. 

The  lack  of  coating  in  tightly  packed  fibers  for  cases  in  which 
no  precipitation  occurs  in  solution  can  be  modeled  using  the 
approaches  derived  for  catalysis  in  porous  media  and  chemical 
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vapor  infiltration  (CVI)  of  fiber  preforms.27  29  These  models 
treat  the  fiber  preform  as  an  array  of  pores  into  which  reactants 
diffuse  and  subsequently  react  to  yield  a  solid.  Assuming  the 
chemical  reaction  to  be  first-order,  the  diffusion  equation  to  be 
solved  is: 


d2C_kS 

~dzT~~DC 


(1) 


where  k  is  the  first  order  reaction  constant,  S  is  the  surface  area 
of  the  perform,  and  D  is  the  diffusion  coefficient  of  the  reactants. 
The  relevant  boundary  conditions  are  (z  =  0  at  the  center  of  the 
preform) 


C(z  =  L)  =  C0 

d  C, 


dz 


(z  =  0)  =  0 


(2) 


where  C0  is  the  reactant  concentration  outside  of  the  preform. 
For  deposition  from  both  sides  of  a  plate  of  thickness  2L  with 
pores  of  radius  R ,  the  solution  of  Eq.  (1)  subject  to  the  boundary 
conditions  gives  the  reactant  concentration  along  the  length  of 
the  pores  as 

cos  h[z^/2k/ RD^j 
c0  cos  h(LsjTkfRf 

To  model  coating  deposition  in  tightly  packed  fibers,  the  plate 
thickness  2L  in  the  model  is  set  equal  to  the  length  of  the  tightly 
packed  regions  along  the  tows  comprising  the  cloth  ( ~  800  pm); 
the  voids  between  tightly  packed  fibers  are  modeled  as  a  hex¬ 
agonal  array  of  circular  pores  of  radius  R=  1  pm.  Transport 
into  the  pores  occurs  along  the  axial  direction  of  the  fibers. 

For  precipitation  from  solution,  the  diffusion  coefficient  D  in 
Eq.  (3)  is  assumed  to  be  given  by  the  Einstein  relationship 


^  =  6^^  (4) 

where  kh  is  Boltzmann’s  constant,  T  is  temperature,  q  is  the 
(temperature  dependent)  viscosity  of  the  solution,  and  r  is  the 
radius  of  the  diffusing  species  (4.5  A  for  La3+).30  The  reaction 
constant  k  can  be  estimated  knowing  the  time  to  react  a  fixed 
amount  of  solution  precursors  at  various  temperatures  and  as¬ 
suming  that  the  temperature  dependence  follows  an  Arrhenius 
relation;  further  assume  that  the  precursor  completely  precipi¬ 
tates  onto  a  fixed  volume  of  fibers  comparable  with  that  used  for 
an  actual  coating  experiment  (for  10  g  cloth,  surface  area  ~1 
m2).  Using  the  data  from  the  Results  section,  the  reaction  con¬ 
stant  k  is  estimated  to  be 

k=  1.4  x  1012e“13100/r(m/s)  (5) 

Substituting  Eqs.  (4)  and  (5)  back  into  Eq.  (3)  allows  the 
reactant  concentration  along  the  pores  to  be  determined. 

Figure  10  shows  the  calculated  reactant  concentration  along 
the  axial  direction  of  voids  between  fibers  in  the  tightly  packed 
region  at  various  precipitation  temperatures.  At  all  tempera¬ 
tures,  the  reactant  concentration  is  much  lower  in  the  center  of 
the  pores  than  outside.  Higher  temperatures  increase  the  reac¬ 
tion  rate,  leading  to  more  deposition  at  the  mouths  of  the  pores. 
The  observed  coating  thickness  will  be  proportional  to  the  cal¬ 
culated  reactant  concentration;  consequently,  higher  tempera¬ 
tures  are  expected  to  lead  to  minimal  coating  deposition  in  the 
region  of  tightly  packed  fibers  as  observed  experimentally.  The 
analysis  suggests  that  to  obtain  uniform  coatings  in  the  tightly 
packed  fibers,  the  deposition  must  occur  at  a  low  temperature 
and  at  a  slower  rate.  The  reaction  rate  of  the  lanthanum  citrate 
and  phosphoric  acid  in  solution  can  be  decreased  by  using  a 
higher  citrate  concentration;  however,  as  with  commercial 
CYD/CVI  processes,  lower  deposition  rates  lead  to  long  proc¬ 
essing  times.  During  most  coating  experiments,  the  temperature 
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Fig.  10.  Normalized  reactant  concentration  along  length  of  pores  in 
region  of  tight  fiber  packing  as  a  function  of  precipitation  temperature 
with  precursor  concentration  =  3  g  monazite/L  assuming  no  precipita¬ 
tion  in  solution. 


of  the  precursor  solution  was  raised  from  5  to  ~35°C  over  a 
period  of  80  min  with  constant  stirring.  In  light  of  the  analysis 
above,  very  little  coating  deposition  is  expected  in  the  tightly 
packed  regions  under  these  conditions.  The  stirring  of  the  solu¬ 
tion  may  assist  transport  of  reactants  to  the  tightly  packed  re¬ 
gions  as  in  CYI  under  force-flow  conditions  and  is  not 
accounted  for  in  the  analysis  27 


(2)  Revised  Cloth  Coating  Procedure  (Process  B) 

The  results  to  this  point  have  shown  that  while  LaP04  •  nH20  is 
precipitated  onto  loosely  packed  fibers,  the  deposition  into  the 
interior  of  the  tightly  packed  regions  of  the  cloth  is  limited  by 
transport  of  the  reactants  to  these  areas;  calculations  have 
shown  that  lower  precipitation  temperatures  may  improve  coat¬ 
ing  uniformity  but  only  at  the  expense  of  short  processing  times. 
As  a  potential  solution  to  this  problem,  a  revised  coating  process 
(Process  B)  was  adopted  in  which  the  concentration  gradient  of 
the  precursor  solution  is  reversed  and  the  reaction  to  precipitate 
LaP04  •  nR20  is  made  to  occur  rapidly.  The  coating  precipitates 
within  several  seconds  at  a  water  temperature  of  50°C;  the  rapid 
precipitation  is  due  to  the  temperature  of  the  water  (faster  re¬ 
action  kinetics  at  higher  temperatures).  The  reaction  rate  may 
also  be  increased  by  reducing  the  amount  of  citrate  used  to  che¬ 
late  the  lanthanum  ions. 

As  shown  in  Fig.  8,  the  coatings  from  process  B  are  quite 
uniform  in  both  the  tightly  packed  and  loosely  packed  regions  of 
the  cloth;  bridging  of  fibers  by  coating  is  not  observed.  The 
coating  uniformity  is  a  consequence  of  having  a  large  amount  of 
reactants  in  the  immediate  vicinity  of  the  fiber  surfaces  including 
the  tightly  packed  regions.  There  still  exists  a  gradient  in  coating 
thickness  between  the  interior  fibers  of  the  tightly  packed  region 
and  those  on  the  exterior;  this  is  due  to  the  limited  diffusion  of 
the  precursor  solution  out  of  these  regions  upon  submersion  in 
warm  water  leading  to  slightly  greater  deposition  on  the  exterior 
of  the  tows.  Further  analysis  of  the  coating  uniformity  via  image 
analysis  reveals  that  the  coating  thickness  of  an  individual  fiber 
is  directly  proportional  the  area  of  solution  in  its  immediate 
vicinity  as  shown  in  Fig.  9.  Larger  solution  area  (more  precursor 
in  fiber  vicinity)  leads  to  thicker  coatings.  These  results  also 
imply  that  the  coating  thickness  distribution  in  the  coated  cloth 
is  derived  from  the  fiber  separation  distribution;  woven  articles 
that  have  a  more  narrow  distribution  of  fiber  separation  will 
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consequently  have  a  more  narrow  coating  thickness  distribution 
when  coated  using  process  B. 

The  average  fiber  strength  in  this  case  (~2  GPa)  was  lower  than 
that  observed  for  fibers  from  tows  extracted  from  desized,  uncoat¬ 
ed  Nextel™  610  cloths  (2.6-2.8  GPa).  The  lower  strength  indicates 
that  the  fibers  have  been  affected  in  some  way  by  the  coating 
process  and  severely  affected  by  the  2  h  exposure  at  1200°C.  The 
observed  fiber  strength  degradation  is  not  entirely  unexpected; 
fiber  strength  degradation  of  LaP04-coated  fibers  has  been  ob¬ 
served  by  Boakye  et  al . 24,31  and  has  been  attributed  to  a  stress- 
corrosion  process  in  which  the  fiber  is  attacked  at  high-temperature 
by  the  decomposition  products  of  the  solution-derived  coating. 
Efforts  to  improve  the  strength  of  fibers  coated  using  process  B 
discussed  herein  will  be  described  in  a  companion  paper. 

V.  Conclusion 

A  process  for  coating  woven  ceramic  fibers  with  LaP04  has 
been  demonstrated  wherein  the  coatings  are  applied  using  so¬ 
lution  precursors  via  heterogeneous  nucleation  and  growth  on 
the  fiber  surface.  The  temperature  dependence  of  the  rate  of 
reaction  between  lanthanum  citrate  and  phosphoric  acid  in  so¬ 
lution  may  be  exploited  to  coat  woven  articles  of  ceramic  fibers 
by  (1)  mixing  coating  precursor  solutions  at  low-temperature 
where  the  reaction  is  extremely  sluggish,  (2)  saturating  the 
woven  ceramic  fibers  in  this  mixed  solution  and,  (3)  submer¬ 
ging  the  saturated  cloth  in  warm  water  to  affect  rapid  precipi¬ 
tation.  As  the  reaction  proceeds,  the  coating  nucleates  and 
grows  on  the  fiber  surfaces.  Under  appropriate  conditions, 
high-quality  coatings  are  obtained  with  excellent  coating  cov¬ 
erage  in  the  areas  of  tightly  packed  fibers.  The  process  requires 
only  very  straightforward  equipment  and  is  compatible  with 
existing  CMC  processes.  Current  work  is  focused  on  optimizing 
the  process  by  varying  the  chemistry  with  the  goal  of  retaining 
the  strength  of  the  coated  fibers  following  heat  treatment  at  the 
matrix  processing  temperature. 
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